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Abstract 25 
Biodegradability is one of the required scaffold functions for bone tissue engineering, 26 
and it is influenced by the mechanical micro-environment after scaffold implantation 27 
into body. This paper aimed to develop a mathematical model to numerically study 28 
the mechanical impact on the degradation of poly (lactic acid) (PLA) scaffolds with 29 
different designed structures. In addition, the diffused-governed autocatalysis on the 30 
scaffolds' degradation was also included, and the scaffolds' collapse time by an 31 
author-developed algorithm was determined. The results howed that an increase in 32 
mechanical stimulation led to an increase in the scaffold degradation rate. Moreover, 33 
different structures with a similar porosity shared a similar degradation tendency but 34 
had different collapse times, which is very sensitive o the diffusion coefficient of the 35 
scaffold. The present study could be helpful to understand the dynamic degradation 36 
process of PLA scaffolds, and guide the design of PLA material and scaffold structure. 37 
It may be used as a tool for the evaluation of the in vitro degradation performance of 38 
scaffolds. 39 
 40 
Keywords: Scaffold degradation; Mechanical stimulation; Autocatalysis; 41 
Mathematical modeling; Finite element method. 42 
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1. Introduction 44 
Scaffold as one of three key factors in bone tissue engineering [1] should have: (i) 45 
three-dimensional porous structure for cell growth and transport of nutrients; (ii) 46 
biocompatibility and biodegradability with a controllable degradation rate to match 47 
bone formation rate; (iii) sufficient stiffness and strength to sustain the external load 48 
during the whole bone-repair process [2-6]. Polymer is one of several biomaterials, 49 
and often employed to construct scaffolds. Thus, it has drawn much attention for 50 
biomedical applications due to its excellent processability and biodegradability [7,8]. 51 
The degradation of ester polymers is mainly caused by the hydrolysis, which is 52 
influenced by many factors, such as pH value [9], temperature, crystallinity [10], 53 
autocatalysis [11], loads [12] and loading frequency [1, 13]. The hydrolysis causes the 54 
chain scission in polymer matrix, and this embodies the decreases of the molecular 55 
weight and mechanical properties, mass loss and volumetric shrinkage of the polymer 56 
[14]. Extensive experimental studies have been conducte  to explore the degradation 57 
mechanism of bulk polymer influenced by these factors. In particular, compared to the 58 
unloaded polymer samples, load was proved to accelerat  the polymer degradation 59 
[12], moreover, the loading intensity and frequency influenced the bulk polymer 60 
degradation. For porous polymer scaffolds, a higher porosity induced a severer loss of 61 
mass, molecular weight and compressive modulus [15], and pore morphologies also 62 
influenced the polymer degradation [16]. In addition, the porous scaffolds are 63 
subjected to the mechanical stimulation after being implanted into human body, and 64 
according to the loading effect on the bulk polymer d gradation, the mechanical 65 
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stimulation must affect the degradation of the porous polymer scaffold. Thus, both the 66 
architecture of porous scaffolds and the mechanical stimulation should be considered 67 
to design scaffolds except the well-studied chemical factors on the degradation of 68 
bulk polymers, and it is necessary to study the degradation of porous scaffolds with 69 
different architectures under mechanical stimulus. 70 
Computational modeling and numerical simulation areuseful techniques to 71 
evaluate the bulk polymer degradation. In this sense, many theoretical or numerical 72 
frameworks have been developed on the degradation [17-19]. In general, there are two 73 
main kinds of mathematical models to describe the degradation. The first is 74 
probabilistic model, which was developed on the basis of the random chain scission of 75 
polymer. The model includes Erlang probability density function [14, 20,21], Monte 76 
Carlo (MC) [22], and cellular automata (CA) methods [23]. In particular, the Erlang 77 
probability density function was popularly used to describe the bulk degradation of 78 
polymers. For example, Chen et al. [24] combined stochastic hydrolysis and mass 79 
transport to simulate the polymer degradation, and the model result showed a good 80 
agreement with experimental findings. The second is phenomenological model, which 81 
was based on mechanistic phenomena, such as autocatalyti  reaction and crystallinity. 82 
For the autocatalysis, it is induced by the high concentration of carboxyl end groups 83 
yielded in the hydrolytic course, and the hydrolytic product cannot be timely diffused 84 
out of the polymer matrix [25]. Furthermore, as a catalyst, the acidic hydrolytic 85 
product effectively increased the local degradation rate of bulk polymers [24]. 86 
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Antueunis et al. [26] developed a degradation model containing autocatalytic effect 87 
and predicted the average molecular weight of aliphtic polyesters during hydrolysis.  88 
In order to address architectural effect of porous scaffolds and mechanical impact 89 
on the degradation of polymer scaffolds, this paper aims to develop a mathematical 90 
model (including the first-order Erlang stochastic hydrolysis, autocatalytic and 91 
loading effects) to explore the degradation kinetics of different scaffold architectures 92 
by employing the effective numerical method. Here, w  designed three representative 93 
volumetric cells (RVCs) of three periodic scaffolds, which could be fabricated by the 94 
computer assisted design (CAD) and 3D-printing techniques [27]. By combining the 95 
developed mathematical model with the finite element method, the effect of the 96 
mechanical stimulation on the degradation of the thr e scaffolds was studied. 97 
 98 
2. Degradation theory 99 
2.1 Polymer stochastic hydrolysis 100 
In hydrolysis, water molecules attack and break long polymer chains into water 101 
soluble products, resulting in the decrease of the molecular weight. Experiments have 102 
verified that the polymer degradation follows the pseudo-first-order kinetics [28], and 103 
a ratio β(t) is defined to describe normalized number average mol cular weight [29]: 104 
0
( )
( )
(0)
tn
n
M t
t e
M
λβ −= =               (1) 105 
where Mn(0) and Mn(t) are the initial (t = 0) and instantaneous number average 106 
molecular weight, λ0 is the degradation rate constant of polymer which is determined 107 
by polymer components. Ideally, the polymer is considered to be isotropic, and all 108 
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material points (here, a material point corresponds to a scaffold element in the 109 
following numerical models, hereafter, scaffold element is used) share an initial 110 
Mn(0). However, scaffold elements have different initial porosities caused by the 111 
hydrolysis due to environment humidity, thus it is randomly assigned a value α (0 ≤ α 112 
≤ 0.2). The degradation process of the scaffold element can be considered with a 113 
delay tadd, which is calculated from Eq. (1) as [22]: 114 
( )
0
ln 1
addt
α
λ
−
= −                (2) 115 
According to Gopferich et al. [28], the bulk degradation of polymer was a 116 
stochastic process, and each scaffold element was con idered as a stochastic event. 117 
The normalized number average molecular weight described in Eq. (1) corresponds to 118 
the first-order Erlang stochastic process, and the probability density function p(t) for 119 
each scaffold element is defined as: 120 
0
0( )
k tp t k e λλ −=                (3) 121 
with 122 
ln( )
ln( )
n
k
m
=  123 
where n is the number of RVC elements in the present work, and m is the referred 124 
number of the RVC elements in [22]. It is worth mentio ing that k is a coefficient 125 
considering the size effect, since the number of scaffold element influences the 126 
degradation. Namely, the smaller n (or the larger element size), the smaller the 127 
degradation probability of a scaffold element, and this requires a longer time for a 128 
complete degradation of scaffold elements [28]. 129 
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2.2 Inclusion of mechanical stimulation into the stochastic hydrolysis 130 
Experiments revealed the effect of the mechanical stimulation on the polymer 131 
degradation [30,31]. In order to incorporate the mechanical stimulation into the 132 
degradation model, the degradation rate was re-expressed on the basis of an analysis 133 
on atomic fracture mechanism of solid polymers, andthe refined the degradation rate 134 
λσ was proposed by Zhurkov et al. [32] as: 135 
AE B
RTAe
σ
σλ
−
−
=
               (4) 136 
where A is the Arrhenius frequency factor, EA is the activation energy breaking 137 
polymer chains, σ is the externally applied stress, B is a coefficient, R is molar gas 138 
constant and T is Kelvin temperature. Eq. (4) shows that the applied stress decreases 139 
the activation energy, and thus accelerates the polymer degradation. In particular, 140 
when σ is zero, Eq. (4) shrinks to the Arrhenius' equation, then λσ = λ0. Assuming that 141 
the temperature during the hydrolysis is constant, d Eq. (4) is re-written as: 142 
A
0
E B B
RT RTAe e
σ σ
σλ λ
−−
= =             (5) 143 
Eq. (5) indicates the relationship between the degradation of scaffold element and the 144 
mechanical stimulation. Apparently, the mechanical stimulation increases the 145 
degradation rate of polymer. 146 
2. 3 Inclusion of autocatalysis into the stochastic hydrolysis 147 
In vitro experiments have also demonstrated that autocatalysis plays an important 148 
role in accelerating the local hydrolysis of polymers, and thus affects the polymer 149 
degradation [33]. The mechanism of the autocatalysis is that long ester chains in 150 
polymers break into short chains with carboxyl end groups during hydrolysis, the 151 
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carboxyl end groups catalyze the hydrolysis and increase the hydrolysis rate [33]. As 152 
stated in [23], the autocatalytic effect was induced by the high concentration of 153 
carboxyl end groups, which could not be timely diffused out of the polymer matrix. 154 
Thus, in order to include the autocatalytic effect into the above stochastic hydrolysis 155 
model, the diffusion of hydrolysates was considered. 156 
Here, the autocatalysis includes three steps, i.e. the release, diffusion and 157 
catalysis of hydrolysates. To describe the release-diffusion process, we employed 158 
literature-defined concentration Cm of hydrolysates, and the concentration of all 159 
scaffold elements is set to zero before hydrolysis (i.e., Cm= 0 at t = 0). When 160 
hydrolysis of a scaffold element starts, the hydrolysates are released. It is assumed 161 
that the polymer chain in the scaffold element is completely hydrolyzed as long as the 162 
size of the element is sufficiently small [28], and the autocatalysis has no effect on the 163 
degradation of the scaffold element when the hydrolsates were diffused out of the 164 
element. Then, the release-diffusion process of the hydrolysates in a scaffold element 165 
is modeled by Fick’s second law as [34]: 166 
( ) ( )m m m
C
D C S t
t
∂ = ∇ ∇ +
∂
             (6) 167 
where S(t) is a term denoting the source of hydrolysates in the element, Dm is the 168 
diffusion coefficient of hydrolysates, and experimental results showed that it could be 169 
empirically determined by the degree of degradation (1-β(t)) [34], i.e., 170 
(1 ( ))
0
t
mD D e
ϕ β−=                (7) 171 
where D0 is the initial diffusion coefficient of non-hydrolyzed polymer, φ is a 172 
material-dependent constant. 173 
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It is stated that the autocatalysis related to the concentration of hydrolysates 174 
follows an exponential relationship compared to the hydrolysis without autocatalysis. 175 
Thus, we use an exponential function to model the autocatalysis as, 176 
( 1)mCa eσλ λ= −                (8) 177 
where λa is the autocatalysis-included degradation rate of a scaffold element. Finally, 178 
considering the mechanical stimulation and autocatalysis, the resulting hydrolytic rate 179 
is expressed as 180 
0 = =
m
B
CRT
a e e
σ
σλ λ λ λ+              (9) 181 
Eq. (9) becomes Eq. (5) (or  = σλ λ ) when the autocatalysis disappears (i.e., Cm = 0). 182 
Correspondingly, hybrid degradation formulations for a polymer scaffold element 183 
under the mechanical stimulation and autocatalysis is expressed as: 184 
( )
( )
( )
( )
add
add
t t
k t t
t e
p t k e
λ
λ
β
λ
− +
− +
 =

=
             (10) 185 
2.4 Degradation judgment of scaffold element 186 
Based on Eq. (10), we propose two degradation conditi s: (1) The normalized 187 
number average molecular weight β(t) of each scaffold element decreases below a 188 
threshold βthreshold, the scaffold element is considered to be completely d graded; (2) 189 
The degradation probability 
d
( )d
t t
t
p t t
+
∫  is less than a randomly generated number p 190 
from 0 to 1, the scaffold element is also considere to be completely degraded [22, 191 
29]. Under both conditions, the completely degraded element is changed into the 192 
immersing solution. Then, the criterion to judge the complete degradation of a 193 
scaffold element when either of the following conditions is satisfied, 194 
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d
( )
( )d
threshold
t t
t
t
p t t p
β β
+
<

<∫
               (11) 195 
The mechanical properties of polymers are related to their molecular weight [35], 196 
and they decreases exponentially during degradation pr cess [36]. The experimental 197 
result by Tsuji [10] shows that the downtrend is similar to exponential decrease of 198 
Young’s modulus. Here, the Young’s modulus Es of the scaffold element is also 199 
exponentially related to its normalized number averg  molecular weight ratio before 200 
its complete degradation as [29]: 201 
( )( ) ( (0) ) (1 )
1
t
s s solu solu
e
E t E E e E
e
β−= − ⋅ − +
−
        (12) 202 
where Es(0) is the initial Young’s modulus of the scaffold element, Esolu is the 203 
Young’s modulus of the solution, which is a constant during degradation process. For 204 
ideal scaffold elements, their initial porosity α equals zero, we have t=0, tadd = 0, 205 
β(0)=1, and Es(t)=Es(0). Whereas, completely degraded scaffold element has β(t) = 0, 206 
and Es(t) = Esolu. Obviously, the two self-consistent conditions are satisfied. It is worth 207 
mentioning that we mainly took into account the mechanical stimulation and 208 
autocatalysis, and other factors (e.g. pH value, crystallinity) are ignored in the model. 209 
However, the ignored factors indeed influence the degradation of the scaffold [9, 10]. 210 
2.5 Failure of degraded scaffold under mechanical stimulation 211 
As polymer scaffold degrades, its strength decreases. If the scaffold-solution 212 
system could not support the external applied load, the system collapses. Therefore, 213 
basing on average stresses of cross-sections of the syst m, we put forward a formula 214 
to calculate the average stresses to judge when the syst m collapses, i.e., 215 
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( )
, ,
1 ( )
( )
layeri
layer i
Nq t
s crit s j solu solu
j N q t
i
layer
E t E
N
ε ε
σ = −
× + ×
=
∑ ∑
         (13) 216 
where σi is the average stress acting on the ith-layered system element, εs,crit is a 217 
constant critical strain of the scaffold elements, εsolu is the strain of the solution 218 
element, qi(t) is a varying number of scaffold elements in the i
th layer, Es,j(t) is the 219 
Young’s modulus of the jth scaffold element, and Nlayer is the element number of each 220 
layer. It is worth mentioning that εs,crit is conservative, since εs,crit decreases as a 221 
scaffold element degrades. Then, the calculated σi was compared with the externally 222 
applied load Lpre, and if any one of the layers is lower than Lpre, the system is 223 
considered to be collapsed, i.e., 224 
prei Lσ <                 (14) 225 
 226 
3. Materials and Methods 227 
3.1 Materials 228 
PLA is biodegradable, and has been approved by Food and Drug Administration 229 
(FDA), and used in many biomedical fields [37-39]. Thus, PLA was here considered 230 
as the constituent material of porous scaffolds, and the scaffolds were immersed in 231 
solutions like body fluid, which indicated that the pores of the scaffolds were initially 232 
occupied by the solutions. PLA was treated to be isotropic and linear-elastic, and its 233 
Young's modulus and Poisson's ratio were 5 GPa [40] and 0.3 [29], respectively. The 234 
solution was also treated to be isotropic and linear-el stic but in-compressive, and its 235 
Young's modulus 10 MPa and Poisson's ratio 0.49 [29].236 
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3.2 Scaffold structures and mesh 237 
To investigate the effect of mechanical stimulation on the degradation processes 238 
of different scaffold structures, three periodic scaffold structures named lattice, 239 
spherical and truss were designed. The lattice and spherical structures were already 240 
presented in [41, 42]. Without loss of generality, their RVCs were treated like those in 241 
[41, 42], see upper row in Fig. 1. Geometrical size of the RVCs are shown in the 242 
middle row in Fig. 1. According to the geometrical p rameters, their porosities were 243 
calculated as 64.8 %, 67.8 % and 64.5 %, respectively, which complied with that of 244 
trabecular bone [43]. All the RVCs were uniformly divi ed into 8000 (20×20×20) 245 
elements by a voxel element method, see the lower row in Fig. 1. 246 
 247 
Fig. 1. Scaffold RVC structures and their geometric sizes. (a) Lattice, (b) spherical, 248 
and (c) truss RVCs 249 
3.3 Boundary conditions 250 
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For each RVC, its bottom was fixed, and the load representing the mechanical 251 
stimulation was applied perpendicularly on its top to simulate the mechanical 252 
micro-environment in targeted sites, e.g. femoral shaft. To consider the influences of 253 
the surrounding RVCs and the host tissues, four lateral faces of the RVC were 254 
constrained to only allow the element nodes' to move in the loading direction. The 255 
loading history was periodic piecewise with the period 1 day, it involved an unloaded 256 
stage and a loaded stage including ascending, holding and descending sub-stages, as 257 
shown in Fig. 2. The two stages represented the exercise and the rest activities of a 258 
patient in a day, respectively. It is noted that the ascending and descending stages 259 
were set to be 0.05 day to avoid the sudden change between the unloaded and loaded 260 
stages. 261 
 262 
Fig. 2 Loading trapezoidal pulse in a day 263 
3.4 Numerical implementation 264 
The loading stress on human bones is ranging from 0.2 MPa to 4.0 MPa during 265 
normal walking [44]. Here, the loading intensities were 1.0 MPa, 1.5 MPa and 2.0 266 
MPa, and the loading durations were 0.1, 0.2 and 0.3 day per day. Thus, nine cases 267 
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with the above loading intensities and durations for each RVC were treated (27 268 
models for the three RVCs). The dynamic degradation process was simulated by 269 
using Abaqus/Explicit (DS SIMULIA, USA) and coding user subroutine (VUMAT). 270 
To solve the nonlinear models efficiently, Abaqus/Explicit was employed here to 271 
guarantee the calculation convergence compared to Abaqus/Standard, and an 272 
auto-incremental step was adopted. All the input parameters in the simulations are 273 
listed in Table 1. 274 
Table 1 Input parameters of simulation 275 
Parameters Value Unit 
Degradation rate constant λ0 0.0075
[47]  day-1 
Ratio k 0.15 - 
State change threshold βthreshold 0.01
[29]  - 
Constant B 22[41]  J/(mol·Pa) 
Gas constant R 8.314 J/(mol·K) 
Temperature 
Initial diffusion coefficient in polymer 
Material constant for diffusivity 
T 
D0 
φ 
310 
1.210-9[45]  
9.43[45]  
K 
m2/day 
- 
Young’s modulus of scaffold Es 5
[40]  GPa 
Young’s modulus of solution Esolu 0.01
[29]  GPa 
Poisson’s ratio of scaffold υs 0.3
[29]  - 
Poisson’s ratio of solution υECM 0.49
[29]  - 
Critical strain of scaffold εs,crit 5%
[46]  - 
Critical strain of solution εsolu 5% - 
3.5 Sensitivity analysis 276 
The sensitivity analysis was also performed by varying four key parameters in 277 
table 1, i.e., degradation rate constant λ0, state change threshold βthreshold, initial 278 
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diffusion coefficient in polymer D0 and Young’s modulus of scaffold constituent 279 
material Es. This is because the four parameters are directly related to the degradation 280 
speed, judgment of complete degradation, autocatalysis, and selection of scaffold 281 
constituent materials. On the basis of the input values of the four parameters in Table 282 
1, we fluctuated them by plus and minus 20%, and aditional 216 models were 283 
simulated to study their sensitivity on the degradation of the scaffolds. The index S of 284 
the sensitivity was defined as, 285 
( + )- ( - )
=
2
∆=
∆
i i i i i i i
i i
Y Y X X Y X X
S
X X
α α
α          (15) 286 
where 0 threshold 0= , , ,i sX D Eλ β  are input variables, Yi is a output variable, and α = 20% 287 
is the fluctuation of the four input variables. 288 
4. Results and discussions 289 
4.1 Model validation and the scaffold degradation process 290 
To validate the proposed model, we compared the simulated average number 291 
average molecular weight ( )tβ  of all residual scaffold elements in the lattice 292 
scaffold with experimental data [47, 48] in Fig. 3. Here, ( )tβ  of the scaffolds was 293 
calculated through dividing the sum of ( )tβ  for all the residual scaffold elements by 294 
the number of the initial scaffold elements. Generally, Fig. 3 shows that the 295 
downward tendency of ( )tβ  before day 30 is comparable to the literature although 296 
there exists slight deviation of experimental conditions [47, 48]. In experiment 1, PLA 297 
received no mechanical stimulation, its number averg  molecular weight decreases 298 
slower than others; in experiment 2, PLA received 1.0 MPa loading intensity, it is 299 
comparable to the present 1.0 MPa simulation; in experiment 3, PLA received 0.9 300 
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MPa loading intensity at 1 Hz loading frequency, despite of the lower loading 301 
intensity, the number average molecular weight decreased at a faster rate than others 302 
because of the influence of the loading frequency. Moreover, by using Eq. (1), the 303 
inversely calculated average degradation rate within e first 30 days was 2.17×10-2 304 
/day, which is in the same order as the degradation rates 5.08×10-2 /day [49] and 305 
4×10-2 /day [8], respectively. In any case, these findings demonstrate a relatively 306 
quantitative validation of the proposed model. 307 
 308 
Fig. 3. Comparison of the average number average mol cular weight between the 309 
simulation of the lattice scaffold and in vitro degradation experiments. Experiment 1: 310 
Degradation of neat-PLA immersed in Kirkland’s biocorrosion media (KBM) with pH 311 
value 7.4 at 37oC under no mechanical stimulation [47]; experiment 2: Degradation of 312 
neat-PLA immersed in Kirkland’s biocorrosion media (KBM) with pH value 7.4 at 313 
37oC under loading intensity 1.0 MPa [47]; experiment 3: Degradation of neat-PLA 314 
immersed in Kirkland’s biocorrosion media (KBM) with pH value 7.4 at 37oC under 315 
0.9 MPa loading intensity at 1.0 Hz [48]. 316 
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To illustrate the degradation process of the three RVCs, a specific case with the 317 
loading intensity 1.5 MPa and duration 0.2 day was presented. During their 318 
degradation processes, β(t) at eight time points were snapshot and shown in Fig. 4. 319 
The four pillars of the three RVCs along the loading direction degraded at a faster rate 320 
than the horizontal or inclined pillars because of the higher stress. This indicates that 321 
the mechanical stimulation promotes polymer degradation. In particular, before day 322 
50 (time point V), the vertical pillars were not completely degraded, whereas the 323 
vertical pillars were completely degraded after day150 (time point VII). 324 
 325 
Fig. 4. The evolution of β(t) of the three RVCs within 200 days (a) Lattice, (b) 326 
spherical, and (c) truss structures. (Ⅰ day 1, Ⅰ. day 10, Ⅰ. day 20, Ⅰ. day 30, Ⅰ. day 327 
50, Ⅰ. day 100, Ⅰ. day 150, Ⅰ. day 200) 328 
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4.2 Effect of mechanical stimulation on the three scaffolds 329 
For the lattice structure, its degradation properties influenced by the mechanical 330 
stimulation are shown in Fig. 5. Generally, it shows that the nine cases with different 331 
mechanical stimulations shared a similar trend thatsc ffold degraded quickly during 332 
early period. For a loading duration, the higher loading intensity, the more ( )tβ  333 
decreases; while for a loading intensity, the longer loading duration, the more ( )tβ  334 
reduces, as shown in Fig. 5a. The varying volume fraction (SV/TV, SV is the volume 335 
of residual scaffold element, and TV is the sum of the volumes of scaffold and 336 
solution elements) of the residual scaffold element is shown in Fig. 5b. Different from 337 
( )tβ , SV/TV gently decreased during degradation. For example, in the case of the 338 
loading intensity 2.0 MPa at day 50, ( )tβ  was about 0.40, 0.26, and 0.18 for the 339 
duration 0.1 day, 0.2 day and 0.3 day, respectively; correspondingly, SV/TV was 340 
88.81%, 81.53% and 69.03%. This indicates that the scaffold elements were not 341 
completely degraded even though their number average molecular weight greatly 342 
decreased. Plus, increases in both loading intensity and duration greatly reduce 343 
SV/TV, e.g. the circled part between day 25 and day 75 for the loading intensity 2.0 344 
MPa and duration 0.3 day in Fig. 5b. The Young’s modulus of the scaffold-solution 345 
system is shown in Fig. 5c. It is worth mentioning that the Young's modulus before 346 
the system collapse was only calculated on the basis of losing supporting ability to the 347 
external load. Complying with ( )tβ  and SV/TV, the Young’s modulus also 348 
decreased more with a higher loading intensity or a longer loading duration, and 349 
approached to a final modulus at around 225.86 ± 20.36 MPa. Similarly, the collapse 350 
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time of the scaffold-solution system is presented in Fig. 5d, and a greater loading 351 
intensity or duration resulted in an earlier system collapse.  352 
 353 
Fig. 5. Degradation of the nine cases of the lattice structure: (a) ( )tβ ; (b) SV/TV; (c) 354 
Young’s modulus of scaffold-solution system; (d) collapsing time of the system. 355 
For the spherical structure, its degradation properties influenced by the 356 
mechanical stimulation are shown in Fig. 6. Like thlattice structure, ( )tβ , SV/TV, 357 
Young's modulus, and the collapse time were similarly influenced by the loading 358 
intensity and durations. Namely, an increase in the loading intensity and duration 359 
accelerated the spherical scaffold degradation. However, the final Young's modulus of 360 
the nine cases was 246.09 ± 28.75 MPa, which was greater than that of the lattice 361 
structure 225.86 ± 20.36 MPa. Moreover, their collapse time was 102 ± 63 day, which 362 
was smaller than those of the lattice structure (116 ± 72 day). 363 
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 364 
Fig. 6. Degradation of the nine cases of the spherical structure: (a) ( )tβ ; (b) SV/TV; 365 
(c) Young’s modulus of scaffold-solution system; (d) collapsing time of the system.  366 
For the truss structure, its degradation properties influenced by the mechanical 367 
stimulation are shown in Fig. 7. Again, like the lattice and spherical structures, ( )tβ , 368 
SV/TV, Young's modulus, and the collapse time were similarly influenced by the 369 
loading intensity and durations. The increase in the loading intensity and duration 370 
speeded up the truss scaffold degradation. In particular, the final Young's modulus of 371 
the nine cases was 202.03 ± 13.67 MPa, which was smaller than that of either the 372 
lattice structure (225.86 ± 20.36 MPa) or the spherical structure (246.09 ± 28.75 373 
MPa). However, the truss structure collapsed later than the above two structures. In 374 
particular, for the loading intensity 1.0 MPa with durations 0.1 day and 0.2 day, the 375 
structure did not collapse within the 200 days. 376 
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 377 
Fig. 7. Degradation of the nine cases of the truss structure: (a) ( )tβ ; (b) SV/TV; (c) 378 
Young’s modulus of scaffold-solution system; (d) collapsing time of the system. 379 
In all, for the three structures, these results indicate that a greater loading 380 
intensity or duration is beneficial for improving the scaffold degradation. The result is 381 
consistent with the experiments [48, 50-52]. In the sense of degradation mechanism, 382 
the mechanical stimulation decreases the activation energy of polymer hydrolysis 383 
(Eqs. (4) and (5)), which accelerates the scaffold degradation. However, Kang et al. 384 
[53] found that the mass loss rate of porous poly(L- actic acid)/β-tricalcium phosphate 385 
composite scaffold under the static compression was slower than that of non-loading 386 
case. The inconsistence with the literature might be attributed to retarded penetration 387 
of simulated body fluid into the scaffold, which depr ssed the hydrolysis of the 388 
polymer component in the composite scaffold.  389 
4.3 Comparison of the three structures 390 
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To illustrate different degradations of the three structures, we only compared their 391 
results of the specific case with the loading intensity of 2.0 MPa and the duration of 392 
0.1 day, and the comparison is shown in Fig. 8. Generally, different scaffold 393 
structures weakly influence ( )tβ , SV/TV, Young's modulus, but apparently 394 
influence the collapse time. Particularly, ( )tβ  is in the order Truss>spherical>lattice 395 
(Fig. 8a). SV/TV represents the percentage of the residual scaffold elements in 396 
structures. In other words, the number of the residual scaffold elements in the truss 397 
structure is greater than the other two (Fig. 8b). Moreover, with the similar porosities 398 
(64.8% for the lattice structure and 64.5% for the truss structure), the truss structure 399 
degrades more slowly due to the shared load by oblique pillars (see Fig. 9a,c), and 400 
better diffusion ability of hydrolysates, which mitigates the autocatalytic effect (see 401 
Fig. 9d,f). The number of the residual scaffold element in the spherical structure is 402 
smallest, and this is due to the greatest initial porosity (67.8%), but it degradation 403 
mode is similar to that of the truss structure. The Young's moduli of the lattice and 404 
spherical structures share a decreasing tendency, which is above that of the truss 405 
structure before day 70 but below that after day 70 (Fig. 8c). This is because the truss 406 
structure is more compliant due to the existence of the oblique pillars, which is mainly 407 
bent instead of axial loaded under the external load. After day 70, due to its slow 408 
degradation (Fig. 8a,b), the Young's modulus of the truss structure is greater than the 409 
other two. As for the collapse times, they are in the order of truss>lattice>spherical 410 
(Fig. 8d). The reason is that the truss structure under the external load is more stable 411 
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than the other two due to the oblique pillars (Fig. 9c), and the spherical structure has 412 
the weakest middle cross-section where the system collapses earlier (Fig. 9b). 413 
 414 
Fig. 8. Comparison of the three structures with loading intensity of 2.0 MPa and 415 
duration of 0.1 day: (a) ( )tβ ; (b) SV/TV; (c) Young’s modulus; (d) collapsing time. 416 
 417 
Fig. 9. Stress and Cm in the residual elements of the three structures with the loading 418 
intensity of 2.0 MPa and the duration of 0.1 day at d y 50. Stresses of lattice (a), 419 
spherical (b), truss (c), and Cm of lattice (d), spherical (e), truss (f).  420 
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It is worth mentioning that the internal surface aras of the lattice, spherical, and 421 
truss structures approximately were calculated as 2.88 mm2, 2.76 mm2, 6.36 mm2, 422 
respectively, thus, it seems contradictory to our intuition that the truss structure with 423 
the highest surface area should degrade faster than the other two structures. In this 424 
regard, we here considered the bulk erosion instead of surface erosion since the 425 
critical size judging bulk or surface degradations of ester polymer was greater the 426 
pillar thickness of the present structures [18], so the bulk degradation of scaffold 427 
dominated. Moreover, the mechanical stimulation and the diffusion-governed 428 
autocatalysis in the bulk degradation of all scaffold elements is the same in theory 429 
(Eq. (9)), and for the truss structure, the external load is shared by the oblique pillars 430 
and has a better diffusion ability to mitigate the autocatalytic effect. Therefore, the 431 
truss structure degrades most slowly, see Fig. 9c. 432 
4.4 Sensitivity analysis 433 
All the results of the additional 216 models in sensitivity analysis were reported 434 
in Supporting Materials. Due to the normalized number average molecular weight, 435 
SV/TV, and Young’s modulus are varying in the degradation process. Thus we only 436 
analyzed the sensitivity by the collapse time (Yi). Plus, in view of the huge amount of 437 
results, a specific case with the loading intensity 1.5 MPa and duration 0.2 day of the 438 
three structures were discussed. According to Eq. (15), the index S of the sensitivity 439 
are shown in Table 2. Apparently, the sensitivities of the four parameters are in the 440 
order of D0 > λ0 > βthreshold > Es. This indicates that a very weak fluctuation of D0 can 441 
result in a great variation of the collapse time. 442 
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Table 2. Index S of sensitivity of the collapse time (Yi). 443 
Xi λ0 βthreshold D0 Es 
Lattice 8.0×103 5.0×102 0.0 1.5 
Spherical 9.7×103 0.0 4.2×109 2.5 
Truss 1.4×104 4.3×103 4.2×1010 10.5 
4.5 Limitations 444 
Indeed, there are limitations. Other factors, such as crystallization and loading 445 
frequency should be included. The crystallization [10] and loading frequency [48] 446 
influence the polymer degradation, but these issues w re ignored. Second, the 447 
collapse time is calculated conservatively: on the one hand, the critical strain of 448 
scaffold element in Eq. (13) is constant. On the other hand, the solution is treated as 449 
an in-compressive solid material which retarded thecollapse time. Third, the 450 
numerical result has not been fully validated through experiments which will be 451 
treated in the near future. 452 
 453 
5. Conclusions 454 
We developed a mathematical model to study the dynamic degradation processes 455 
of three porous scaffolds under different mechanical stimulations by including the 456 
mechanical and autocatalytic effects. The results showed that the mechanical 457 
stimulation accelerated the degradation of the PLA scaffolds. However, the 458 
degradation of the three structures with a similar porosity is weakly influenced by the 459 
mechanical stimulations except for their collapse times. Importantly, the initial 460 
diffusion coefficient is very sensitive to the collapse time induced by the scaffold 461 
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degradation. The present work improves our understanding of polymer degradation 462 
and could be helpful for future design of suitable iodegradable scaffolds for tissue 463 
engineering. 464 
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